Background: Segawa syndrome due to GTP cyclohydrolase deficiency is an autosomal dominant disorder with variable expression, that is clinically characterised by L-dopa responsive, diurnally fluctuating dystonia and parkinsonian symptoms. Objective: To delineate the neurological and psychiatric phenotype in all affected individuals of three extended families. Methods: GTP cyclohydrolase deficiency was documented by biochemical analyses, enzymatic measurements in fibroblasts, and molecular investigations. All affected individuals were examined neurologically, and psychiatric data were systematically reviewed. Results: Eighteen affected patients from three families with proven GTP cyclohydrolase deficiency were identified. Eight patients presenting at less than 20 years of age had typical motor symptoms of dystonia with diurnal variation. Five family members had late-presenting mild dopa-responsive symptoms of rigidity, frequent falls, and tendonitis. Among mutation carriers older than 20 years of age, major depressive disorder, often recurrent, and obsessive-compulsive disorder were strikingly more frequent than observed in the general population. Patients responded well to medication increasing serotonergic neurotransmission and to L-dopa substitution. Sleep disorders including difficulty in sleep onset and maintenance, excessive sleepiness, and frequent disturbing nightmares were present in 55% of patients. Conclusion: Physicians should be aware of this expanded phenotype in affected members of families with GTP cyclohydrolase deficiency.
S
egawa syndrome or dopa responsive dystonia is a clinically defined movement disorder that typically presents in childhood with dystonia. 1 2 Dystonia usually starts in the lower limbs with reduced ambulation, and is often characterised by a typical diurnal fluctuation, improving with sleep and worsening during the day. Other presenting symptoms include tremor, parkinsonism, focal dystonia, and spastic paraparesis and hyperreflexia. 2 3 Segawa syndrome is usually inherited as an autosomal dominant condition with variable penetrance, but autosomal recessive forms have also been described. Most frequently, it is caused by a mutation in the GCH1 gene coding for GTP cyclohydrolase (OMIM 128230), the first and rate limiting enzyme in the biosynthesis of tetrahydrobiopterin. 2 Tetrahydrobiopterin is the co-factor for the enzymes phenylalanine hydroxylase, tyrosine hydroxylase, tryptophan hydroxylase, and NO synthase. 4 The reduced activity of tyrosine hydroxylase leads to decreased dopamine production, which is implicated in the movement disorder.
The reduced activity of tryptophan hydroxylase that results from tetrahydrobiopterin deficiency can result in reduced serotonin synthesis. Serotonin has been implicated in mood disorders such as depression, obsessive-compulsive disorders, and anxiety. However, depressive symptoms have been reported only in a single family with GTP cyclohydrolase deficiency. 5 Dopamine and serotonin can be assessed in the cerebrospinal fluid (CSF) via their metabolites homovanillic acid (HVA) and 5-hydroxyindolacetic acid (5-HIAA). 4 Dopamine is also the precursor of noradrenaline, which can be evaluated in the CSF via its metabolite 3-methoxy-4-hydroxyphenylglycol (MHPG). Serotonin deficiency can be treated by providing the precursor, 5-hydroxytryptophan, which bypasses the metabolic block, or by using selective serotonin reuptake inhibitors. Melatonin is synthesised in the pineal gland from serotonin via N-acetylserotonin, and is implicated in the onset and persistence of sleep. Reduced phenylalanine hydroxylase activity leads to elevated phenylalanine/tyrosine levels only after loading. This phenomenon provides the basis for the phenylalanine loading test. 6 The physiologic and symptomatic implications of reduced brain NO synthase activity have not yet been defined, but low CSF nitrite and nitrate levels have been documented in patients with tetrahydrobiopterin deficiency. 7 In this study we report clinical, biochemical, and molecular characteristics of 18 affected patients with different degrees of motor impairment from three families. These families were ascertained from probands that presented with typical Segawa symptoms. A surprisingly high incidence of psychiatric and sleep disturbances was observed.
METHODS
Twenty two members from three families participated in this study; 18 patients were considered affected by GTP cyclohydrolase deficiency based on biochemical and/or molecular testing. The study was approved by the local ethics committee and informed consent was obtained.
A biochemical geneticist and a paediatric neurologist examined all patients. A striking number of older patients in these families had been treated for depression, and some Abbreviations: CSF, cerebrospinal fluid; DGGE, denaturing gradient gel electrophoresis; 5-HIAA, 5-hydroxyindolacetic acid; HVA, homovanillic acid; MHPG, 3-methoxy-4-hydroxyphenylglycol; MSLT, multiple sleep latency test family members complained of pronounced sleep disturbances. Therefore, psychiatric problems and sleep disturbances were systematically reviewed. As part of the clinical assessment, we obtained psychiatric data on 16 subjects. Fourteen of them underwent a structured interview by an experienced psychiatrist, using the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-I/P) (Version 2.0). In two subjects, psychiatric data were obtained from the treating psychiatrist or from the general practitioner.
Complaints of sleep disturbances were assessed using both the Pittsburgh Sleep Quality Index using scores >8 as pathological, 8 9 and the Epworth Sleepiness Scale. 10 Polysomnography was carried out on two consecutive nights using infrared video monitoring, four channel electroencephalogram, electromyogram at the chin and the tibialis anterior muscles, and respiratory measurements. Sleep stages were scored according to the Rechtschaffen and Kales criteria, 11 and respiratory events were characterised according to the international recommendations. 12 During daytime, the multiple sleep latency test (MSLT) was carried out at 9 am, 11 am, 3 pm, and 6 pm. 13 CSF was obtained in the early morning in patients who were not taking L-dopa. The neurotransmitters HVA and 5-HIAA were measured in the 6th ml of CSF by HPLC with electrochemical detection. 14 A phenylalanine loading test (100 mg/kg) was performed in the non-fasting condition according to Hyland et al, 6 and the normal values confirmed in our laboratory in patients with various clinical presentations. The production of pterins was assayed in cytokine stimulated fibroblasts, followed by the measurement of GTP cyclohydrolase enzyme activity as described. 15 Analyses of urinary pterins and blood spot dihydropterine reductase were normal in all biochemically investigated patients (A.II-5, A.II-7, B.III-2, C.IV-1). Mutation analysis of the gene for GTP cyclohydrolase (GCH1) was completed using denaturing gradient gel electrophoresis (DGGE) followed by sequencing. 16 In families A and B, deletion analysis of the GCH1 gene was performed using a quantitative duplex PCR assay on the LightCycler (Roche Diagnostics, Mannheim, Germany) with an internal standard for each exon. 17 For linkage analysis at the locus of the GCH1 gene at position 53,290,900 to 53,360,000, CA repeats D14S984 at position 48,087,470, D14S978 at 49,903,270, and D14S276 at 53,673,110 on chromosome 14 were amplified by PCR, using the primer sequences available in the Human Genome Database.
18
Fragments were sized after electrophoresis on an ALF DNA sequencer (Amersham Biosciences, Uppsala, Sweden) and analysed using the Allelelinks software (Amersham Biosciences, Uppsala, Sweden). The lengths of the fragments are reported, although they have not been standardised against CEPH references.
19 Statistical analyses used the Linkmap module of the Fastlink package, 20 with distances between the markers D14S984 and D14S978 set at 2 cM, and between D14S978 and D14S276 at 4 cM.
RESULTS

Biochemical and molecular analysis
The pedigrees of the investigated families are shown in fig 1. In family A, patients II-1, III-3, and III-6 presented with typical Segawa syndrome. All affected individuals had a pathologically elevated phenylalanine/tyrosine ratio on the phenylalanine loading test (fig 2) . Patients II-5 and II-7, who had presented with mild atypical motor symptoms, were biochemically characterised. Analysis of CSF monoamines showed normal values (table 1) . However, the production of pterins in cytokine stimulated fibroblasts in these patients was clearly decreased (table 1) and GTP cyclohydrolase enzyme activity was deficient. DGGE analysis, sequencing of all exons and of 600 base pairs of the promoter as well as gene dosage studies did not identify a mutation in the GCH1 gene. For linkage analysis, DNA from the family members II-1, II-3, II-5, II-7, II-9, II-10, III-1, III-2, III-3, III-4, III-6, III-7, III-8, and III-10 and their partners was available (fig 1) . II-1, II-3, II-5, II-7, II-9, III-1, III-3, III-4, III-6, III-7, III-8, and III-10 share an identical haplotype 239-256-94 at D14S984, D14S978, and D14S276. II-10 does not carry this haplotype. In III-2, the paternal haplotype is 239-256-90, which suggests that a crossover has occurred on the paternal chromosomes between D14S978 and D14S276. The three analysed markers are informative in all meioses, except for marker D14S276 in family members II-3 and II-7. Potential crossovers between D14S978 and D14S276 in the next meioses (III-3, III-4, III-6, III-7, and III-8) would thus not be identified. Thus, family members II-10 and III-2 were unaffected based on a normal phenylalanine loading test and absence of the disease associated haplotype at the GCH1 locus. Multipoint linkage analysis in this family for Segawa syndrome using markers D14S984, D14S978, and D14S276 showed a multipoint LOD score of 3.51 at position D14S276.
In family B, patient III-2 presented with typical Segawa syndrome. A phenylalanine loading test showed pathological values of the phenylalanine/tyrosine ratio in individuals II-1, III-1, and III-2 ( fig 2) . Analysis of CSF monoamines in patient III-2 showed slightly decreased HVA and MHPG, and low-normal 5-HIAA (table 1). The production of pterins in cytokine stimulated fibroblasts and GTP cyclohydrolase enzyme activity was deficient (table 1) . Mutation analysis of the GCH1 gene by DGGE and sequencing of all exons did not identify a mutation. However, a heterozygous deletion of the entire GCH1 gene was identified by gene dosage studies in individual II-1 and her daughter III-2. There was no DNA available from patient III-1 to test for the mutation.
In family C, patients II-1 and IV-1 presented with typical Segawa syndrome. A phenylalanine loading test showed a pathological phenylalanine/tyrosine ratio in patient IV-1. This patient had decreased levels of HVA, MHPG, and 5-HIAA in her CSF (table 1) . A heterozygous mutation p.Y75S (c.372A.C) was identified in the GCH1 gene in all three patients (II-1, III-1, and IV-1). A mutation involving this amino acid has been reported previously. 21 
Clinical investigations
Neurological examination (table 2) showed that most patients had symptoms of dystonia (56%) and frequent presence of rigidity (61%) and bradykinesia (28%). In half of the patients, a marked diurnal fluctuation was present. Four subjects with positive biochemical signs and genetic findings were completely asymptomatic at ages 13, 20, 20, and 23 years. Hyperreflexia was frequently present, but other signs of pyramidal tract involvement were infrequent and cerebellar signs were always absent. Several patients reported an increased number of falls, even if they did not have notable dystonia and only minimal rigidity. Two patients were wheelchair bound. Surprisingly, five patients identified through family analyses complained of recurrent tendonitis, often requiring various orthopaedic therapies. These problems were usually associated with mild rigidity, and subjectively with stiffness and tiredness, but without dystonic symptoms. Symptoms usually appeared after more strenuous exercise and had been considered unrelated to the family history of Segawa syndrome. However, on low dose Ldopa/carbidopa therapy all tendonitis symptoms completely disappeared and patients reported less stiffness and tiredness. No patient was intellectually impaired.
The psychiatric assessment (table 3) showed that major depressive disorder occurred in 44% of all carriers (50% of psychiatrically investigated carriers), and that recurrent major depressive disorder occurred in 28% of all carriers (31% of psychiatrically investigated carriers). This is well above the population risk, where the lifetime prevalence of major depressive disorder is estimated at 19% (SE 0.5) in the Netherlands 22 and 16% (95% CI 15.1 to 17.3) in the US. 23 24 Major depressive disorder was observed in each of our three families with GTP cyclohydrolase deficiency. In nine out of ten patients, the depression was successfully treated with medication, which included serotonin reuptake inhibitors in six patients, a serotonin-noradrenaline reuptake inhibitor and a serotonin agonist in one patient each, and 5-hydroxytryptophan alone or a combination of these drugs in four patients. In at least two patients, the response to serotonin reuptake inhibitors was independent of the response to L-dopa. Obsessive-compulsive disorder was present in four patients (22%), a frequency well above the population frequency (0.5-3.5%). 22 25-28 All patients with obsessive-compulsive disorder had also had major depressive disorder and had responded, sometimes markedly, to serotonin-reuptake inhibitors. Anxiety disorders were present (22%) at a frequency similar to the general population. 22 Many patients complained of difficulty falling asleep and of sleep discontinuation. Some patients reportedly had less than 4 h of sleep each night. Two patients had a remarkably excessive need for sleep, requiring more than 10 h per night as an adult or falling asleep during the day if they slept less than this at night. Recurrent nightmares were frequently reported (22%) even when not taking serotonergic medication. In patients A.II-5 and A.II-7, the Pittsburgh Sleep Quality Index was pathological at 15 and 13 prior to treatment; this improved to 11 and 5 after treatment with L-dopa (normal ,8). These patients were further studied while taking this medication. The Epworth Sleepiness Scale revealed normal scores. Sleep polysomnographic studies, obtained on the second night of a two night polysomnography, were normal except for a reduction in REM sleep (5 and 9%, control 10-28%), which is a known medication side effect. 29 The MSLT was also normal. The onset of typical neurological dystonia symptoms differed from that of psychiatric symptoms (fig 3) . The onset of neurological symptoms had a bimodal appearance. Nine patients had onset of typical dystonia symptoms in childhood (,20 years of age). A second group of five patients had onset of motor symptoms in adulthood at .30 years of age. These latter patients were all identified through family studies. Their symptoms consisted of the less typical complaints of rigidity with recurrent tendonitis responsive to low dose Ldopa. Psychiatric symptoms tended to have onset in adulthood with a peak incidence at 41-50 years of age, but could also have appeared in childhood.
Two patients presented first with psychiatric problems before developing motor symptoms. Three patients developed psychiatric symptoms after developing motor symptoms. Three patients developed psychiatric and motor symptoms around the same time. Five patients had motor symptoms but did not develop psychiatric symptoms.
Typical and atypical late onset symptoms appeared in the same family. In family A, patients II-1, III-3, and III-6 had a typical childhood onset complete Segawa syndrome, whereas other patients had a late onset atypical presentation; in family B, patient III-2 had a typical childhood onset Segawa syndrome, whereas patient II-1 had an atypical late onset presentation. Patients with psychiatric symptoms sometimes had a severe motor syndrome, but often an atypical late onset presentation. The phenylalanine loading test did not distinguish between typical, atypical, or asymptomatic carriers (average phenylalanine/tyrosine ratio at 4 h: typical 7.1, n = 3; atypical 7.4, n = 7; and asymptomatic 9.4, n = 4).
DISCUSSION
Affected individuals in all families were shown to have GTP cyclohydrolase deficiency by enzymatic and molecular analyses. A defect in the gene encoding GTP cyclohydrolase (GCH1) was demonstrated in two families, a heterozygous gene deletion and a missense mutation, respectively, and can be assumed in the third family because all affected individuals share the same haplotype in the GCH1 chromosomal region. In our laboratory, the phenylalanine loading test readily identified affected patients, with the time point at 4 h having the best diagnostic value (fig 2) , but did not predict the extent of clinical symptoms. However, CSF neurotransmitter metabolite values, obtained in clearly affected patients, were more variable. Despite the consistent finding of reduced dopamine on histochemical staining in autopsied patients, 30 similar variation of CSF metabolites has been observed and may reflect the difficulties of assessing a partial deficiency against a broad normal range in CSF. Decreased CSF biopterin levels have been described in GTP cyclohydrolase deficient patients, but this analysis was not available in this study.
Most patients with typical Segawa syndrome and all probands presented with typical symptoms of dystonia, frequently with noticeable diurnal variation as had been originally described. 1 However, family investigations revealed many affected patients with less typical symptoms. In particular, the presentation with recurrent tendonitis and mild rigidity has not been described previously. The consistent response to L-dopa/carbidopa therapy suggests that these symptoms are indeed causally related. Both symptomatic presentations, childhood onset typical Segawa syndrome and late onset atypical presentations, occur in the same family in patients affected with the same mutation. This variability indicates that other factors, be they environmental or other modifying genes, influence the expression of symptoms. 31 In this study, the frequency of major depressive disorder, particularly recurrent major depressive disorder, and of obsessive-compulsive disorders was clearly increased above the population frequency. However, this study may underestimate the frequency of psychiatric morbidity since several asymptomatic patients were less than 20 years of age, and psychiatric symptoms tended to have onset after 20 years of age (fig 3) . Although the occurrence of major depressive disorder is significantly increased in the study group, a increased risk due to genetic factors independent of GTP cyclohydrolase deficiency cannot completely be excluded. However, this explanation is unlikely as no depressive disorders were reported in the non-carriers in the studied families, although these were not assessed as control subjects. Moreover, it is unlikely that an independent increased risk would be found in three unrelated families. Increased frequency of major depressive disorder and anxiety was previously recognised in a single large family with GTP cyclohydrolase deficiency, 5 and depression was reported in three other patients. 32 33 In that family, 5 obsessive-compulsive disorder was also present in a single patient. In our study, anxiety was also observed in a number of patients but did not exceed the high population frequency. It is important to note that most patients with psychiatric morbidity were not yet aware that they had Segawa syndrome when their psychiatric morbidity developed. Therefore, psychiatric morbidity cannot be attributed to the stress of their knowing about their chronic neurological disorder. In the previously reported family 5 and in our three families, patients with psychiatric morbidity responded well to serotonin reuptake inhibitors or to other serotonin neurotransmission enhancing medication including supplementation with 5-hydroxytryptophan. In contrast to a previous report, 33 we did not observe a reduction in the efficacy of L-dopa treatment on dystonia symptoms with these medications; nonetheless, caution is advisable as severe parkinsonism was seen with neuroleptic medications and with metoclopramide.
The role of disturbed dopamine metabolism in the pathogenesis of the motor dysfunction in Segawa syndrome has been well studied. 34 Decreased striatal biopterin results in a reduction in the quantity and activity of tyrosine hydroxylase, enhancing the dopamine deficiency. 35 In this condition, the functional consequences of impairment in the synthesis of the other neurotransmitters, serotonin and noradrenaline, have received less attention. Preclinical research and, in particular, clinical studies with serotonin reuptake inhibitors, strongly suggest that a deficit in serotonergic neurotransmission plays a key role in the pathogenesis of major depressive disorder. [36] [37] [38] Whether a sole serotonergic dysfunction is sufficient to cause depression or is a necessary risk factor remains unclear. Although the role of serotonin depletion in humans has not been studied, the impact of depletion of its precursor L-tryptophan has been investigated. L-tryptophan depletion only leads to depressed mood in patients who have a history of major depressive disorder, especially in patients with recently remitted major depressive disorder. 39 We propose that similar biochemical consequences on serotonin levels result from either the depletion of tryptophan or from a genetic impairment of the synthetic enzyme in the serotonin biosynthetic pathway from tryptophan. This would imply that a specific vulnerability factor contributes to the expression of psychiatric symptoms in combination with the serotonin depletion. Modifier genes, or historic or environmental contributions, such as a previous depression, may affect this vulnerability. Consequently, patients lacking specific risk factors may only have the neurological symptoms of Segawa syndrome but not the psychiatric symptoms.
The deficit in the synthesis of L-dopa in Segawa syndrome theoretically also results in decreased noradrenaline, as is evidenced by somewhat decreased MHPG levels in CSF, and would be expected to be increased with L-dopa therapy. Noradrenergic deficiency, particularly in the locus coeruleus, has been hypothesised to contribute to depressive symptoms, [40] [41] [42] and selective noradrenaline reuptake inhibitors are effective in its treatment. 42 Several of our patients reported some improvement in mood following initiation of L-dopa therapy. The presence of a major depressive disorder in a single patient with tyrosine hydroxylase deficiency and very low MHPG levels (20 nmol/l, controls 29-64) (unpublished observation) also suggests a contribution of the noradrenergic neurotransmission. However, chronic L-dopa therapy did not prevent the occurrence of depressive symptoms in some patients who subsequently responded promptly to a serotonergic/noradrenergic reuptake blocker.
In conclusion, we would hypothesise that impairment of the synthesis of both serotonergic and noradrenergic neurotransmission may be related to the particularly high frequency of depression in this genetic condition. The patients have a well documented genetic impairment in the synthetic capacity of these neurotransmitters. The direct measurement of the metabolites of serotonin (5-HIAA) and of noradrenalin (MHPG) in CSF did not provide proof of a deficiency. However, analysis of CSF metabolites provides an indirect measurement at a distance of the presence of these neurotransmitters in brain with a wide normal range, and thus the measured low normal values do not disprove the possibility of a partial deficiency in the brain.
Sleep disturbances were very frequently reported in our adult Segawa patients and were sometimes the predominant symptoms. Previous studies documented reduced gross and twitch movements during sleep in Segawa patients, which improved under L-dopa treatment, 1 32 and sleep disorders are frequent in patients with extrapyramidal disease. 43 Both MDD, major depressive disorder; OCD, obsessive-compulsive disorder. dopaminergic and serotonergic neurotransmission have been implicated in sleep mechanisms. Serotonergic raphe neurons have a crucial role in the initiation and maintenance of the sleep state. 44 Further, serotonin is a precursor of melatonin, which is implicated in the initiation and persistence of sleep. Occasional patients reported improved sleep with melatonin intake.
Physicians caring for patients with Segawa syndrome should be aware of the development of late symptoms in adults affected with this disorder. Patients who are asymptomatic in childhood may develop dopa responsive atypical symptoms as adults. Further, patients are at increased risk for depression and obsessive-compulsive disorders. These disorders respond well to serotonergic neurotransmission enhancing medications, although monitoring for worsening of dystonia is advisable. 35 Finally, sleep disturbances are very frequent in affected individuals. Finding such treatable conditions underscores the value of extensive biochemical and molecular testing in families with Segawa syndrome.
